Diffusion of symmetric diblock copolymer chains in macroscopically oriented lamellar block copolymers are studied in a molecular dynamics simulation. Typeset using REVT E X 1
tanglement length of a homopolymer melt at the same density, D is nearly independent of χ, while D ⊥ is strongly suppressed as χ is increased. These results are in agreement with theoretical predictions based on the Rouse model.
The isotropic diffusion constant of quenched disordered systems is approximated fairly well by (2D + D ⊥ )/3 of the corresponding lamellar system.
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The question whether lamellar ordering modifies self diffusion in a symmetric diblock melt has been the subject of several recent theoretical and experimental studies. Barrat and Fredrickson [1] argued that for chains obeying Rouse dynamics, the diffusion within a lamellar plane is unaffected by the lamellar structure, while perpendicular diffusion is retarded by an amount determined by the degree of segregation. Measurements on quenched, unoriented samples [2, 3] indicated that there is no discontinuity for the diffusion constant at the orderdisorder transition (ODT). The samples used in these studies were polycrystalline, without macroscopic ordering, so that the separate components of the diffusion coefficient could not be determined. Such a separation was achieved [4] for entangled chains by macroscopically orienting the sample using oscillatory shear. Measurements on such mono domain samples showed less anisotropy than predicted by the Rouse model. For well entangled chains, both parallel and perpendicular diffusion have to involve translation of the A segments of the chains into the B domains, so that both components are reduced by the lamellar structure, though not necessarily to the same extent. Such an activated reptation mechanism in which the diffusion constant D decays as exp(−χN) was observed by Lodge and Dalvi [5] for highly entangled melts of poly(ethylenepropylene)-poly(ethylethylene) diblock copolymers.
The difference between the diffusion constants parallel D and perpendicular D ⊥ to the interface was found to decrease as the ODT is approached. Block-retraction mechanism, similar to arm-retraction known from star polymers, is also found to play a role in the diblock diffusion and also gives rise to an exponential decay of D with increasing N.
Computer simulations of diblock copolymer systems have been mostly restricted to studying the statics and thermodynamics of such systems [6] . The only simulation which studied diffusion in a diblock system is by Pan and Shaffer [7] , who studied a symmetric diblock in the strong segration regime (χN = 45) for several chain lengths N using the bond fluctuation method on a lattice. They found that D was roughly two times smaller than D for a homopolymer melt and the critical chain length at which entanglements became important was comparable in the two systems. No perpendicular diffusion was observed for this value of χN. Since these simulations were done on a lattice, there was no a priori way to 2 determine the equilibrium lamellar spacing d l .
Here we study by continuum space molecular dynamics simulations the diffusion constants of perfectly oriented lamellar systems both in the plane of the lamella and in the perpendicular direction, for chains of length 40 and 100, corresponding to about 1.1 and 3N e respectively. N e ≃ 35 is the entanglement length for a homopolymer melt [8] , at the same average density (ρ ≃ 0.85σ −3 ). d l is determined from a constant pressure simulation.
It is then fixed and D and D ⊥ are determined at constant volume. The results are compared to simulations in the isotropic disordered phase.
We use a coarse grained bead-spring model similar to that used in our earlier studies of polymer melts and networks [8] and tethered chains [9] . Each chain consists of N beads 
where the cutoff distance r c = 2 . This approach also has the advantage of overcoming a problem inherent in experimental studies: namely, the dependence of the monomeric friction constant on the temperature. It is somewhat reminiscent of recent elegant experiments by Gehlsen et al. [11] in which the phase separation of binary mixtures is studied as a function of the difference in deuterium content between two otherwise identical polymer species.
We study M chains of length N by solving Newton's equations of motion using a velocityVerlet algorithm [12] with a time step ∆t = 0.013τ [9, 10] . Two different starting states were used: disordered and lamellar. In the former case, we studied cubic systems at density ρ = 0.85σ 3 [8] . The lamellar state was constructed as described in ref. [10] . Since d l depends onǫ and is not known a priori, we first ran a constant pressure simulation [10] at a P = 5ǫσ −3 in which the dimensions of the simulation cell, parallel L and perpendicular L ⊥ to the lamellar plane varied independently [13] for each value ofǫ. d l adjusts itself rather rapidly (a few hundred thousand time steps). With increasingǫ, L ⊥ increases and the cross sectional area L 2 decreases, such that the overall density remains fairly constant.
The equilibrium lamellar spacing increases rapidly withǫ and then saturates as shown in Fig. 1 . The results scale with N as predicted by self-consistent field theory [14] [15] [16] . For largẽ ǫ the chains are highly stretched and the number of AB contacts is small. Thus, further increase in the repulsive energy between the two species does not strongly affect d l . In this regime χ is no longer proportional toǫ as often incorrectly assumed in many previous lattice simulations of diblock copolymer systems [6, 7] .
After d l is determined, we fixed the volume to study the dynamics in the lamellar phase. and 2d l for N = 100. From our study of the order parameter in the ordered phase as a function ofǫ, we estimate thatǫ ODT (40) = 0.85 ± 0.05 andǫ ODT (100) = 0.28 ± 0.03 [10] .
To study the diffusion in both phases, long runs were necessary to obtain good statistics.
Typical runs for N = 40 were of length (5.2 − 10.0) × 10 4 τ while for N = 100, they were of order (3.9 − 6.5) × 10 5 τ . In addition, lamellar systems for N = 200 and N = 400 were also simulated for visualization of the chain motion. However, these simulations were too large to run long enough to obtain the diffusive constants. These results will be presented in a later paper.
We follow the motion of the chains' center of mass through g 3 (t), whose components are defined by
with α = x, y, or z. Here r cmα (t) are the components of the center of mass of a chain and · · · denotes both an ensemble average over all the chains in the system and an average over different starting states. At sufficiently long times, g 3α (t) exhibits diffusive motion with g 3α → 2D α t. In the disordered phase, the three diffusion constants are identical and equal to D, the isotropic diffuion constant. In the lamellar phase, the motion in the xy plane (plane of the lamella) is expected to be faster than the motion between the lamellar planes
The behavior of (g 3x (t) + g 3y (t))/2 for some of the N = 40 systems is shown in Fig. 2 .
For the isotropic systems (homopolymers and the disordered diblocks), the quantity shown is g 3 (t)/3. For times longer than about 10 4 τ , all the systems show diffusive behavior. The same quantity for a homopolymer melt and a lamellar system of chain length N = 100 is shown in Fig. 3 . The transition to the diffusive regime in the lamellar system takes place around t ≈ 10 4 τ , somewhat later than in the homopolymer melt. This delay in the onset of the diffusive motion is common to all lamellar systems studied. The diffusion constants were calculated from the slope of (g 3x (t)+g 3y (t))/2 in the diffusive regime. Perpendicular diffusion is observed only for systems sufficiently close to the ODT. For largeǫ, g 3z (t) saturates at about the square of the thickness of the interface region, within which the junction points of the chains are localized.
Chains , we note that they predict that when χψ 0 ≈ χ ODT , where ψ 0 is 6 the amplitude of the density variation in the lamella, D ⊥ is reduced by a factor of about 10.
For our system atǫ = 1.0 >ǫ ODT , ψ 0 = 0.83, so thatǫψ 0 = 0.83 ≈ǫ ODT . For this system, D ⊥ is about 1/3 of the ODT value or about 3 times less suppression than predicted.
The situation for the N = 100 chains is qualitatively similar. This length corresponds to about 3N e , and entanglements are not expected to play a major role. In a homopolymer of N = 100 chains, crossover to reptation motion is barely observed [8] . For stretched chains, It is also interesting to note that for quenched disordered systems (those withǫ >ǫ ODT ), the isotropic D ≃ (2D + D ⊥ )/3 of the corresponding lamellar system [17] . Fredrickson [18] had suggested that for small anisotropy, the diffusion constant of a quenched system should be slightly larger than (2D + D ⊥ )/3. We do not see an evidence of the predicted enhancement. However, this prediction is only for systems very close to the ODT. Since the exact ODT of our model system is not known to a high accuracy, we cannot rule out this result.
We also studied the diffusion in the disordered regime for shorter, unentangled chains 7 of length N = 10 and 20. For N = 10 and 20, the isotropic diffusion constant scales
, where f (x) is a decreasing funciton of x. A comparision of these results with the theoretical predicitions of Leibig and Fredrickson [19] for tracer diffusion in the disordered regime will be presented in a later paper.
Our results demonstrate that for lamellar systems of short chains (of length N = 40 and 100), self diffusion in the lamellar plane near the ODT is essentially unaffected by the amount of chain stretching. This is in accordance with the Rouse-like motion of chains.
Perpendicular diffusion is strongly suppressed by the lamellar structure. Our results are qualitatively consistent with the Barrat-Fredrickon theory, although the amount of suppression is somewhat less than predicted. In the limit of strong stretching, some reduction in D is observed, possibly indicating the onset of entanglement effects. Further studies on long chains are needed to study the effect of entanglements.
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